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High  resolution  electron  energy  loss  (EELS) ,  UV  photoemission,  (UPSJ 
low  energy  electron  diffraction  (LEED) ,  Auger  electron,  and  thermal 
desorption  spectroscopic  techniques  have  been  applied  to  character¬ 
ize  the  bonding,  molecular  orientation  and  vibrations  of  pyridine 
and  benzene  on  clean  Ag (111) .  These  results  are  used  to  interpret 
the  surface  enhanced  Raman  spectra  of  these  molecules  adsorbed  on 
a  clean,  well-defined  single  crystal  Ag(111)  surface  containing 
a  smooth  periodic  modulation  (1  micron  wavelength.^ 500  %  amplitudal 
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which  permits  optical  coupling  to  surface  plasmons-polaritons . 

We  observe  enhanced  Raman  scattering  (RS)  for  chemisorbed  species 

only  when  we  are  at  appropriate  incidence  angles  so  as  to  excite 

surface  plasmons.  Coverage-dependent  RS  studies  indicate  a  long- 
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range  field  enhancement  of ^10  for  physisorbed  layers  and  a  mode- 

4 

selective,  short-range  enhancement  of~10  for  the  symmetric  ring 

breathing  mode  of  pyridine.  This  short-range  enhancement  only 

14  2 

occurs  for  pyridine  coverages  slightly  above  «-'3x  10  molecules/cm 
where  changes  in  the  UPS  spectra  and  our  UPS  derived  uptake-rates 
are  also  observed.  Similar  coverage-dependent  effects  are  also 
observed  in  UPS  and  EELS  for  chemisorbed  pyridine  on  the  ideal 
Ag(111)  surface.  These  as  well  as  LEED  results  showing  the  modu¬ 
lated  surface  to  be  predominately  (~90X)  single  crystal  Ag(111), 
encourage  us  to  directly  compare  the  results  obtained  for  the  two 
surfaces. 

From  EELS  we  determine  that  chemisorbed  pyridine  ir'-bonds  and 
lies  flat  on  the  surface  of  Ag(111)  to  within  ^5*  but  at  higher 

14  2 

chemisorption  coverages  (>3x10  molecules/cm  )  becomes  nitrogen- 
lone-pair-bonded,  inclined  ~55*  to  the  surface  and  rotated  ~30* 
about  the  C^^d)  point  group  symmetry.  We  thereby  relate  the 
strong  short-range  enhancement  observed  in  RS  to  the  occurrence 
of  nitrogen  lone-pair-bonding  and  the  inclination  of  chemisorbed 
pyridine  to  Ag (111) .  Both  the  mode  selectivity  and  structure 
3ensitivity  for  chemisorbed  pyridine  are  shown  to  be  consistent 
tfith  the  recent  surface  plasmon-polariton  model  of  enhanced  Raman 
scattering  by  Kirtley,  Jha,  and  Tsang.  Also  observed  in  RS  are 
additional  vibrations  which  we  associate  with  pyridine  bound  to 
step  sites  and  at  or  near  graphitic  carbon  impurities. 
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Abstract :  High  resolution  electron  energy  loss  (EELS),  UV  photoemission, 
(UPS),  low  energy  electron  diffraction  (LEED),  Auger  electron,  and  thermal 
desorption  spectroscopic  techniques  have  been  applied  to  characterize  the 
bonding,  molecular  orientation  and  vibrations  of  pyridine  and  benzene  on 
clean  Ag(lll).  These  results  are  used  to  interpret  the  surface  enhanced 
Raman  spectra  of  these  molecules  adsorbed  on  a  clean,  well-defined  single 

crystal  Ag(  111)  surface  containing  a  smooth  periodic  modulation  ( 1  micron 

c 

wavelength,  ~  500  A  amplitude)  which  permits  optical  coupling  to  surface 
plasmons-polaritons.  We  observe  enhanced  Raman  scattering  (RS)  for 
chemisorbed  species  only  when  we  are  at  appropriate  incidence  angles  so  as  to 

excite  surface  plasmons.  Coverage-dependent  RS  studies  indicate  a  long- 
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range  field  enhancement  of  -lO2  for  physisorbed  layers  and  a  mode-selective. 
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short-range  enhancement  of  ~10  ■  for  the  symmetric  ring  breathing  mode  of 

pyridine.  This  short-range  enhancement  only  occurs  for  pyridine  coverages 
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slightly  above  3  x  10 14  molecules/cm2  where  changes  in  the  UPS  spectra  and 
our  UPS  derived  uptake-rates  are  also  observed.  Similar  coverage-dependent 
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effects  are  also  observed  in  UPS  and  EELS  for  chemisorbed  pyridine  on  the 
ideal  Ag(lll)  surface.  These  as  well  as  LEED  results  showing  the  modulated 
surface  to  be  predominately  (~90%)  single  crystal  Ag(lll),  encourage  us  to 
directly  compare  the  results  obtained  for  the  two  surfaces. 

From  EELS  we  determine  that  chemisorbed  pyridine  ir-bonds  and  lies 
flat  on  the  surface  of  Ag(lll)  to  within  ~5°  but  at  higher  chemisorption 
coverages  (>3xl014  molecules/cm2)  becomes  nitrogen-lone-pair-bonded, 
inclined  ~55°  to  the  surface  and  rotated  ~30°  about  the  C2y  symmetry  axis. 
Benzene  is  found  to  ir-bond  and  has  vibrations  characteristic  of  a  C3v(crd) 
point  group  symmetry.  We  thereby  relate  the  strong  short-range  enhancement 
observed  in  RS  to  the  occurrence  of  nitrogen  lone-pair-bonding  and  the 
inclination  of  chemisorbed  pyridine  to  Ag(lll).  Both  the  mode  selectivity 
and  structure  sensitivity  for  chemisorbed  pyridine  are  shown  to  be  consistent 
with  the  recent  surface  plasmon-polariton  model  of  enhanced  Raman  scatter¬ 
ing  by  Kirtley,  Jha,  and  Tsang.  Also  observed  in  RS  are  additional  vibrations 
which  we  associate  with  pyridine  bound  to  step  sites  and  at  or  near  graphitic 
carbon  impurities. 
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I.  Introduction 


The  occurrence  of  large  enhancements  in  Raman  cross  sections  for 
molecules  adsorbed  at  metal  surfaces  in  electrochemical  cells  [1],  discontinu¬ 
ous  films  [2],  colloidal  suspensions  [3],  tunnel  junctions  [4],  and  in  ultra  high 
vacuum  [5-10]  is  well-documented.  The  nature  and  origin  of  this  enhance¬ 
ment  mechanism  is  unclear  and  currently  in  dispute.  Two  predominating 
viewpoints  exist:  (a)  that  surface  roughness  and  the  creation  of  collective 
surface  excitations  are  important  [3,4,5,8,11];  (b)  that  specific  ad-atom  sites 
or  arrangements  of  coadsorbed  atoms  form  a  type  of  "surface-complex"  which 
is  a  strong  or  resonant  Raman  scatterer  [9,12,13].  Such  differing  viewpoints 
may  both  be  correct  and  could  arise  from  the  diversities  of  the  systems  under 
investigation.  This  possibility  highlights  a  major  problem  of  most  all  current 
surface  enhanced  Raman  studies:  there  is  a  lack  of  detailed  information  about 
the  structure  of  the  surface,  its  cleanliness,  or  the  nature  of  bonding  or  orienta¬ 
tion  of  the  adsorbed  species  on  the  surface. 

The  purpose  of  our  study  is  twofold:  (1)  to  characterize  the  nature  of 
bonding,  the  molecular  geometry  and  the  vibrations  of  a  variety  of  chemi¬ 
sorbed  molecules  on  a  clean  Ag(lll)  single  crystal  surface  using  several 
surface  science  techniques;  and  (2)  to  perform  Raman  measurements  on  these 
same  systems  under  as  identical  conditions  as  possible.  From  the  correlation 
of  these  two  results  we  hope  to  understand  more  concerning  the  nature  of 
surface  enhanced  Raman.  In  particular,  we  perform  our  Raman  measurements 
on  a  clean  single  crystal  Ag(  111)  surface  which  has  a  weak  periodic  profile 
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(10,000  A  periodicity,  ~500  A  amplitude)  built  into  the  crystal  surface.  We 
find  as  observed  previously  for  tunnel  junction  structures  [4]  that  enhanced 
Raman  scattering  also  occurs  from  this  type  of  controlled  roughness  surface. 
Thus  our  Raman  studies  are  intended  to  address  questions  relating  to  the 
mechanism  of  enhanced  Raman  scattering  on  roughened  surfaces  [4,11] 
specifically  where  surface  plasmon-polaritons  occur. 

Here  we  choose  to  present  our  results  for  two  adsorbates,  pyridine  and 
benzene,  the  former  being  fairly  extensively  studied  in  other  enhanced  Raman 
studies  [1,5, 7, 9].  Benzene  is  chosen  for  comparison  to  pyridine  as  it  has  a 
similar  size,  shape  and  vibrations  as  pyridine  but  lacks  the  nitrogen-lone-pair 
orbital.  From  previous  studies  [14,16]  different  adsorption  geometries  are 
expected  for  these  two  molecules.  Indeed,  we  determine  that  while  both 
benzene  and  pyridine  can  ir-bond  and  lie  flat  on  Ag(lll),  pyridine  can 
nitrogen-lone-pair  bond  at  higher  chemisorption  coverages.  We  observe  a 
direct  correspondence  between  these  structural  effects  and  our  observed 
Raman  signals.  Evidence  for  similar  structural  effects  has  been  presented  for 
the  cyanopyridines  in  previous  electrochemical  studies  [17].  We  also  observe 
coverage  dependent  and  mode  selective  enhancements  which  are  consistent 
with  a  recent  surface  plasmon  polariton  theory  by  Kirtley,  Jha  and  Tsang  [18]. 

II.  Experimental  Procedures 

The  experimental  measurements  were  performed  in  three  separate 
ultra-high  vacuum  (UHV)  systems  (base  pressure  <  1  x  10“ 10  Torr).  The  first 
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(turbomoiecular  pumped)  system  described  elsewhere  [19]  allows  UPS, 
low-energy  electron  diffraction  (LEED),  Auger  (AES)  and  TDS  to  be  per¬ 
formed.  The  second  (ion  and  titanium  sublimation  -  pumped)  system  is 
mobile  and  permits  in  situ  LEED,  AES  and  Raman  scattering  measurements  to 
be  performed.  The  third  (ion-  and  titanium-sublimator-pumped)  system 
permits  EELS  and  work  function  change  measurements. 

The  electron  optics  for  EELS  consists  of  two  sets  of  2.5  cm  hemispheri¬ 
cal  deflection  analyzers  with  associated  focusing  optical  elements  [20]  so  as  to 
allow  the  monochromatization,  reflection  from  a  sample  (total  scattering  angle 
of  90°)  and  energy  analysis  of  a  well-defined  (<  0.2  mm  dia.),  collimated 
(<  1°),  low-energy  2-100  eV  electron  beam.  For  the  specular  reflection  of  a 
3  eV  beam  off  of  Ag(lll),  we  have  routinely  obtained  a  total  system  resolu¬ 
tion  of  65-75  cm-1  (8-9  mV)  with  peak  counting  rates  of  106  cps.  Although 
both  the  monochromator  and  analyzer  are  in  a  fixed  position,  the  sample 
rotation  is  arranged  so  as  to  enable  the  observation  of  specular  (0in  *  0out)  as 
well  as  off-specular  (9in  ?  0out)  scattering  events  in  the  plane  of  incidence. 
Such  off-specular  angle  dependent  measurements  are  needed  to  assess  the 
magnitude  of  resonant  electron  scattering  and  other  non-dipole  scattering 
processes  in  the  specular  scattering  direction.  Although  such  measurements 
have  been  performed  and  must  be  considered  in  the  analysis  of  our  specular 
scattering  results,  we  do  not  present  them  here. 

For  the  EELS  experiments  we  use  an  ideal  flat  Ag(lll)  crystal.  The 
Ag(lll)  surface  was  prepared  by  standard  mechanical  [19]  and  chemical 


polishing  [21],  then  annealed  and  sputter  cleaned  as  determined  by  AES.  This 
clean,  well-ordered  Ag(lll)  sample  was  then  inserted  into  the  EELS  system 
where  further  sputter  cleaning  and  annealing  was  performed.  Work-function 
change  measurements  performed  in  both  UHV  systems  as  well  as  EELS 
spectra  served  to  verify  surface  cleanliness  in  the  HREEL  system.  The  final 
clean  samples  were  mirror  smooth  and  showed  minimal  optical  defects  or 
irregularities.  All  chemisorption  experiments  in  the  EELS  system  were  done 
at  temperatures  of  ~140K  as  monitored  by  a  chromel  alumel  thermocouple. 

In  order  to  observe  Raman  signals  from  adsorbed  species,  we  have 
intentionally  modified  the  topography  of  a  Ag(lll)  crystal.  This  surface 
contains  a  small  amplitude,  approximately  sinusoidal  modulation  (amplitude 
~500  A),  which  provides  a  well-defined  surface  periodicity  (wavelength  = 
10.000  A)  to  allow  optical  coupling  to  surface  plasmon-polaritons,  while 
maintaining  minimal  deviation  from  a  flat  Ag(lll)  surface.  The  Ag(lll) 
sample  was  cut  from  the  same  boule  as  the  aforementioned  crystal,  mechani¬ 
cally  and  chemically  polished,  then  annealed  and  sputter-cleaned  in  UHV.  A 
final  chemical  polish  left  the  surface  with  a  mirror-like  finish,  free  of  etch  pits. 
The  10,000  A  periodic  surface  modulation  was  then  fabricated  into  a  4x4  mm 
area  of  the  8x6  mm  face  of  the  crystal,  with  the  modulation  wave  vector  Ks 
oriented  along  to  the  (110)  direction.  This  structure  was  fabricated  by  first 

creating  a  photoresist  pattern  on  the  sample  using  X-ray  lithography  techni- 
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ques  followed  by  chemical  polishing  to  remove  about  3000  A  of  material  in 
the  unmasked  regions  (50%).  The  photoresist  was  then  dissolved  and  the 


sample  repetitively  Argon  ion  sputter-etched  and  annealed  to  ~500K  in  UHV 
for  cleaning.  This  processing  also  reduces  the  higher  order  fourier  compo¬ 
nents  [22]  of  the  profile  and  results  in  a  sinusoidal-like  surface  (valleys 
slightly  wider  than  the  peaks)  with  a  10,000  A  wavelength  and  ~500  A 
amplitude  as  estimated  by  the  LEED  beam  profiles.  Photographs  of  the 
LEED  pattern  from  the  flat  and  "modulated"  region  of  this  sample  are  shown 
in  Fig.  1.  The  modulated  region  of  the  sample  shows  a  well-defined,  low 
background  LEED  pattern,  comparable  to  the  flat  portion  of  the  sample. 
Satellite  lobes  are  observed  in  the  beam  profiles,  which  indicated  a  distribu¬ 
tion  of  steps  and  terraces  parallel  to  Ks.  The  peak  in  this  distribution  corre¬ 
sponds  to  a  terrace  width  to  step  height  ratio  of  about  10  to  1.  The  intensity 
of  the  main  peak  relative  to  the  side  lobes  indicates  that  roughly  90%  of  the 
surface  is  of  (111)  orientation.  Although  such  LEED  features  serve  as  a 
guide  to  the  general  nature  and  condition  of  the  surface,  they  do  not  provide 
specific  information  on  all  types  of  defects  and  their  distributions. 

UPS  measurements  were  performed  on  both  samples.  As  determined 
from  these  measurements,  we  observe  negligible  differences  in  the  UPS 
ionization  levels  of  adsorbates  between  the  flat  and  topologically  modified 
surfaces.  We  also  find  no  change  in  the  chemisorption  properties  for  pyridine 
or  benzene  when  the  sample  is  between  80  and  140K  -  the  limiting  values  of 
sample  temperatures  in  the  Raman  and  EELS  systems,  respectively. 

Reagent  grade  pyridine  and  benzene  (99.9%)  and  their  deuterated 
counterparts  (99  atom  %  D)  were  used  in  these  experiments.  Sample  dosing 
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was  done  via  the  chamber  ambient  and  directly  monitored  with  an  ion  gauge. 
All  exposures  cited  here  are  in  units  of  Langmuirs,  L  (1L  »  106  Tort  -  sec) 
and  have  been  corrected  by  a  gauge  factor  of  5.8  [23].  The  dosages  required 
to  produce  both  the  compressional  phase  of  pyridine  and  first  physisorbed 
layers  were  the  same  in  all  three  UHV  systems. 

III.  EELS  Results 

Our  EELS  results  indicate  that  a  structural  phase  transformation  occurs 
for  chemisorbed  pyridine  on  Ag(lll)  at  an  exposure  of  ~0.5L.  In  Fig.  2  we 
show  the  EELS  vibrational  loss  spectra  for  chemisorbed  pyridine  before  (solid 
line)  and  after  (dotted  line)  this  transition.  Here,  the  relative  intensities  of 
the  CH  deformation  modes  between  400-850  cm-1  strongly  change,  especial¬ 
ly  when  compared  to  the  relative  IR-adsorbances  [24,25]  also  shown  in  Fig.  2. 
Such  IR  absorbances  directly  reflect  the  dipole  scattering  intensities  of  a 
randomly  oriented  pyridine  molecule  and  can  be  compared  to  EELS  results  for 
specular  scattering  ( d j  m  0Q).  The  transition  is  more  striking  in  the  coverage 
dependent  spectra  shown  in  Fig.  3.  We  note  that  the  strong  decrease  in 
intensity  of  the  ~700  cm-1  feature  above  0.5L  exposure  indicates  that  at 
least  93%  of  the  lower  coverage  phase  converts  to  a  new  structure.  This  700 
cm-1  feature  becomes  strong  again  above  1L  exposures  when  pyridine  starts 
to  physisorb  as  determined  from  our  UPS  results  [8,26]. 

In  Fig.  4  we  show  the  spectra  of  deuterated  pyridine  below  and  above 
this  phase  change,  as  well  as  a  schematic  drawing  of  the  molecular  orienta- 
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tions  which  we  attribute  to  each  phase.  Note  in  Fig.  4  that  the  symmetric  ring 
breathing  mode  at  965  cm-1  is  clearly  resolved  and  nearly  identical  to  the 
liquid  phase  value  of  962  cm-1.  From  our  angle-dependent  studies,  we  also 
observe  strong  non-dipole  scattering  from  the  losses  at  2260(3040)  cm-1, 
1540(1570)  cm-1  and  ~820(~1000)  cm”1  for  deuterated  (normal)  pyridine. 
Finally,  we  find  that  the  vibrational  frequencies  for  both  phases  of  normal  or 
deuterated  pyridine  are  identical  within  our  experimental  uncertainties  of 
±5  cm”1. 

In  order  to  obtain  structural  information,  the  vibrational  losses  must  be 
assigned  to  the  vibrational  modes  of  the  molecule.  Such  an  assignment  would 
seem  formidable  based  upon  the  relatively  poor  resolution  of  EELS  and  the 
fact  that  pyridine  is  of  low  symmetry  and  has  27  IR-active  modes  [27]. 
Fortunately,  we  find  that  we  can  straightforwardly  assign  most  all  the  ob¬ 
served  vibrational  losses  since  (a)  only  a  fraction  of  the  27  free-molecule 
modes  have  significant  dipole  scattering  cross  sections  (i.e..  IR  absorbances, 
see  Figs  2  and  4);  and  (b)  pyridine  is  weakly  chemisorbed  and  leads  to  weakly 
perturbed  vibrations  (d^g  =>  ±  6  cm”1)  relative  to  liquid  pyridine.  These 
assignments  are  tabulated  and  described  elsewhere  [26]. 

Based  upon  the  mode  assignments  we  consider  the  (dipole-derived) 
scattering  intensities  of  in-plane  and  out-of-piane  vibrations  relative  to  the 
IR-absorbances  to  obtain  structural  information.  Although  our  analysis  is 
described  elsewhere  [26],  we  briefly  comment  on  the  essential  points  here. 
The  low  coverage  phase  shows  intense,  out-of-plane,  CH  deformation  vibra- 


tions  at  700  cm-1  (525  cm-1)  and  400  cm-1  (360  cm-1)  for  normal 
(deuterated)  pyridine  which  becomes  suppressed  after  the  phase  change.  With 
this  phase  change  the  in-plane,  CH-deformation  vibration  at  610  cm-1  (560 
cm-1)  become  more  intense.  From  our  angle-dependent  measurements  we 
find  that  these  forementioned  in-plane  and  out-of-plane  modes  are  dominated 
by  dipole  scattering  in  the  specular  direction  which  thereby  permits  their  use 
in  a  structural  analysis.  As  a  result  of  the  "surface  selective  rule"  [28],  the 
relative  intensities  of  these  in-plane  and  out-of-phase  vibrations  indicate  that 
the  molecule  becomes  more  inclined  to  the  surface  above  0.5L  exposure. 
Based  upon  our  UPS  results  [8,26]  as  well  as  other  chemical  arguments  and 
results  [15,16],  the  inclined  phase  of  pyridine  has  the  nitrogen  end  of  the 
molecule  directed  into  the  surface.  Further  the  in-plane,  CH-deformation 
vibration  at  1440  cm-1  (1305  cm-1)  which  is  polarized  largely  perpendicular 
to  the  C2y  symmetry  plane  of  the  molecule  [27]  increases  intensity  relative  to 
the  in-plane  deformation  mode  at  610  cm-1  which  are  symmetric  about  the 
C2v  symmetry  plane.  This  implies  that  a  rotation  also  occurs  about  the 
inclined  C2V  symmetry  axis  of  the  molecule  after  this  phase  transformation 
occurs. 

From  a  quantitative  analysis  of  the  such  dipole  scattering  intensities 
relative  to  the  IR  intensities  of  liquid  pyridine  [25],  we  have  determined  that 
the  low  coverage  phase  (<  0.4L)  lies  flat  on  Ag(lll)  to  within  5°  and  the 
high  coverage  chemisorbed  phase  (>  0.6L  but  <  1.0L)  lies  inclined  ~55°  to 
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the  surface  and  rotated  ~30°  about  the  molecular  C2y  symmetry  axis.  Unlike 
a  previous  analysis  of  EELS  data  to  obtain  quantitative  geometric  information 
[29],  our  analysis  does  not  depend  on  evaluating  dynamic  charges  for  which 
the  detailed  transmission  function  of  the  analyzers  must  be  evaluated.  Instead 
our  analysis  relies  on  analyzing  relative  intensities  of  close-lying  vibrational 
losses  where  we  can  reasonably  assume  that  our  analyzer  transmission  func¬ 
tion  is  constant.  Thus,  our  EELS  results  provide  evidence  that  chemisorbed 
pyridine  initially  ir-bonds  to  Ag(lll)  for  exposures  <  0.5L  and  at  higher 
coverages  forms  a  compressed  structure  which  is  nitrogen-lone-pair  bonded 
and  inclined  to  the  surface. 

Our  photoemission  results  are  also  consistent  with  these  conclusions  for 
chemisorbed  pyridine  as  we  observe  the  vx  -orbital  derived  ionization  feature 
and  lose  the  ionization  feature  having  nitrogen-lone-pair  character  when  the 
molecules  becomes  inclined  [26].  Our  TDS  results  show  that  this  inclined 
phase  is  less  strongly  bound  to  the  surface  than  the  ir-bonded  phase  by 
~2Kcal/mole  and  that  even  the  more  strongly  bonded  phase  desorbs  below 
~210K.  Interestingly,  we  also  find  evidence  that  the  first  layers  of  condensed 
pyridine  lie  "flat"  on  top  of  the  compressed  high  coverage  phase  of  chemi¬ 
sorbed  pyridine  (see  Fig.  3). 

Our  EELS  results  for  benzene  adsorption  on  Ag(lll)  indicate  only  one 
chemisorbed  phase.  The  EELS  spectra  of  chemisorbed  benzene  is  shown  in 
Fig.  5  where  we  also  show  the  IR  absorbances  for  liquid  benzene  [25].  EELS 
results  have  previously  been  presented  for  benzene  on  Ni(lll)  and  Pt(lll) 
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[11]  and  also  have  been  discussed  from  a  point-group-symmetry  theoretic 
viewpoint  [30].  Unlike  these  previous  results  on  transition  metals  the  vibra¬ 
tions  of  chemisorbed  benzene  on  Ag(lll)  are  remarkably  similar  to  liquid 
benzene  and  allow  a  unique  opportunity  to  directly  relate  group  theoretic- 
concepts  to  EELS  results. 

From  the  relative  intensities  of  the  1480  cm-1  or  3030  cm-1  in  plane 
CH  deformation  or  stretching  vibration,  and  the  out-of-plane  CH-deformation 
vibration  at  675  cm-1  we  conclude  that  benzene  lies  ir-bonded,  flat  on  the 
surface.  The  losses  observed  at  675,  1000,  1155  and  3030  cm-1  can  become 
(dipole)  excited  if  the  molecular  symmetry  is  lowered  to  the  C3V(ad)  point 
group  from  the  D6h  point  group  of  the  free  molecule  (see  ref.  30).  These 
vibrations  correspond  to  the  at  modes  which  should  be  the  only  modes 
(dipole)  excited  under  the  surface  selection  rule  [28].  The  two  weak  modes  at 
1360  cm-1  and  1480  cm-1  must  also  be  explained.  The  1360  cm-1  loss  may 
arise  from  an  "impurity''  (?)  in  our  benzene  as  it  is  commonly  observed  in  the 
IR  spectrum  [25],  or  more  likely  to  the  second  harmonic  of  the  intense  675 
cm-1,  loss  feature.  The  very  intense  1480  cm”1,  peak  in  liquid  benzene 
corresponds  to  an  in-plane  vibrations  and  may  arise  for  chemisorbed  benzene 
from  "incomplete"  surface  screening  of  the  image  charge  by  the  substrate 
(i.e.,  a  weakening  of  the  surface  selection  rule)  or  the  occurrence  of  quadruple 
excitations.  Fortunately,  the  1155  cm-1  loss  is  unique  to  the  C3V(od)  point 
group,  cannot  be  resonantly  excited  in  the  free  molecule  [31]  and  from  our 
angle-dependent  studies  appears  to  arise  from  dipole  scattering.  This  mode  is 
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also  extremely  weak  in  liquid  benzene  [25]  and  would  account  for  its  weak 
intensity  here.  Thus,  although  many  of  the  loss  features  which  delineate  the 
point  group  symmetry  of  adsorbed  benzene  are  weak  and  of  comparable 
intensity  to  resonance  scattering  features  and  incompletely  screened  parallel 
modes,  we  find  the  observed  vibrations  to  be  consistent  with  a  C3v(od)  point 
group  symmetry.  Such  questions  regarding  the  excitation  mechanism  or  the 
totality  of  the  surface  selection  rule  underlay  applying  group  theoretic  con¬ 
cepts  to  determining  adsorption  site  symmetry  particularly  if  the  new  vibration 
associated  with  the  reduced  symmetry  are  weak.  Unfortunately,  one  does  not 
know  a  priori  what  the  intensities  of  such  features  will  be. 

IV.  Raman  Scattering  Results 

Enhanced  Raman  scattering  sigrals  were  observed  at  surface  plasmon- 
polariton  resonance  [4,31],  which  was  obtained  by  varying  the  orientation  of 
the  incident  radiation  with  respect  to  Ks.  For  the  data  presented  here,  we 
have  used  p-polarized  incident  radiation  and  oriented  the  sample  so  that  K$  is 
in  the  plane  of  incidence.  The  angle  of  incidence  was  set  to  the  minimum  in 
intensity  of  the  direct  reflected  beam,  which  corresponds  to  maximal  surface 
plasmon-polariton  excitation.  As  expected,  there  was  no  Raman  scattered 
signal  observed  from  the  flat  (control)  portion  of  the  sample  or  when  plasmon 
resonance  conditions  were  not  achieved.  With  present  signal  to  noise  ratios 
and  sampling  times  we  would  need  an  enhancement  factor  for  chemisorbed 
pyridine  of  ~5x  102  to  observe  any  Raman  signals  above  our  noise  levels. 


The  features  found  to  be  observable  in  the  Raman  spectrum  for  chemi¬ 
sorbed  pyridine  on  our  "clean"  modulated  Ag(lll)  surface  occur  between 


8S0  and  10S0  cm-1  as  shown  as  a  function  of  exposure  in  Fig.  6a.  Compared 
to  the  liquid  phase  spectra,  for  which  the  symmetric  (991  cm”1)  and  the 
asymmetric  (1030  cm”1)  ring  breathing  modes  are  of  about  equal  intensity, 
these  spectra  show  selective  enhancement  of  the  symmetric  breathing  mode 
for  chemisorbed  pyridine.  At  higher  exposures  (~20L)  the  asymmetric 
ring-breathing  mode  becomes  observable,  and  at  yet  higher  exposures  (>44 
L),  characteristic  of  very  thick  layers  of  pyridine,  we  start  to  observe  addi¬ 
tional  Raman  scattering  with  similar  relative  intensities  as  liquid  pyridine. 

For  chemisorbed  pyridine  on  "clean"  Ag(lll),  the  carbon  ring  defor¬ 
mation  modes  in  the  1300  to  1600  cm”1  range  could  not  be  detected.  Such 
features  may  be  masked  by  the  broad  peaks  at  1350  and  1500  cm”1  due  to 
trace  amounts  of  graphitic  carbon  [33,34].  Such  trace  amounts  of  graphitic 
carbon  always  occurred  in  RS  but  were  undetectable  by  AES.  Also,  prior  to 
complete  annealing,  we  observed  an  additional  peak  at  986  cm”1  which  we 
associate  with  pyridine  bound  to  step  sites.  Thus,  we  attribute  the  990  cm”1 
peak  to  chemisorbed  pyridine  on  Ag(lll)  which  is  consistent  with  our  EELS 
results.  We  have  been  unable  to  observe  the  CH  stretching  modes  (near 
3040  cm”1)  for  chemisorbed  pyridine. 

In  Fig.  6b  we  show  Raman  spectra  obtained  when  greater  amounts  of 
graphitic  carbon  were  observed  in  Raman  but  were  still  undetectable  by  AES. 
(As  described  elsewhere  graphitic  carbon  has  a  very  large  Raman  cross  section 


y 


and  can  be  readily  detected  in  small  quantities  (~.01  monolayers)  at  piasmon- 
polariton  resonance  conditions  [34]).  For  the  0.8L  and  first  2.6L  spectra  the 
graphitic  carbon  Raman  signal  is  ~4x  larger  than  our  nominally  clean 
Ag(llt)  surface  (spectra  shown  in  (a))  while  in  the  second  2.6L  exposure 
they  are  10  x  more  intense.  As  shown  in  Fig.  6b,  the  presence  of  graphitic 
carbon  leads  to  additional  Raman  peaks  at  1005  cm-1  in  the  chemisorption 
regime  and  at  1040  cm-1  for  thicker  condensed  layers.  These  extra  peaks  are 
likely  associated  with  pyridine  interacting  with  the  graphitic  carbon  but  we 
cannot  completely  exclude  the  possibility  of  an  overall  degradation  of  the 
grating  surface  topography  associated  with  long  sputtering  which  was  attempt¬ 
ed  (unsuccessfully)  to  reduce  the  of  graphitic  carbon.  If  the  former  is  correct, 
then  the  Raman  enhancement  for  pyridine-graphite/Ag  is  at  least  an  order  of 
magnitude  higher  than  for  pyridine  on  Ag.  Although  the  occurrence  of  such 
impurities  and  their  effect  on  RS  are  clearly  important,  we  restrict  further 
discussion  to  our  RS  studies  on  the  "clean''  Ag( 111)  surface. 

Using  our  UPS  results  we  have  calibrated  the  relative  coverages  of 
pyridine  on  clean  Ag(lll)  from  the  intensity  of  the  adsorbate-derived  ioniza¬ 
tion  features  and  determine  the  coverage  at  which  chemisorption  stops  and 
adsorption  on  top  of  this  chemisorbed  layer  begins.  This  delineation  between 
chemisorbed  and  physisorbed  species  is  important,  and  is  based  upon  the 
occurrence  of  different  relaxation  effects  in  UPS  for  the  chemisorbed  versus 
physisorbed  molecule  as  described  elsewhere  [8.35].  Using  coverage  depend¬ 
ent  Raman  spectra  as  in  Fig.  6a  we  determine  the  coverage  dependence  of  the 


990  cm-1  peak  which  is  shown  in  Fig.  7.  Here,  we  have  calibrated  our 
relative  coverages  in  terms  of  monolayer  equivalents  -  the  coverage  at  which 
chemisorption  is  complete  and  condensation  begins.  We  observe  a  strong 
signal  starting  about  ~0.6  monolayers  which  increases  less  strongly  above  ~  1 
monolayer.  Estimating  the  saturation  coverage  of  pyridine  to  be 
~5xi014  molecules/cm“,  as  based  on  EELS  results  [26],  and  from  compari¬ 
sons  to  our  Raman  measurements  on  a  known  volume  of  liquid  pyridine,  we 
determine  an  enhancement  for  the  first  monolayer  of  ~104.  At  coverages 
above  ~4  monolayers  the  enhancement  per  each  additional  monolayer  remains 
at  ~102. 

These  coverage  dependent  results  are  in  agreement  with  a  theoretical 
model  by  Kirtley,  Jha  and  Tsang  [18]  which  predicts  two  mechanisms  contrib¬ 
uting  to  the  surface  enhanced  Raman  scattering  process  for  a  molecule  ad¬ 
sorbed  on  a  sinusoidal  grating.  First,  there  is  a  long-range  contribution,  which 
extends  several  thousand  Angstroms  away  from  the  surface,  and  is  due  to 
enhancement  of  the  direct  scattering  intensity  caused  by  the  large  electric 
field  at  surface  plasmon-polariton  resonance.  This  field  enhancement  is 
predicted  by  the  theory  to  provide  an  increase  in  the  Raman  signal  by  a  factor 
of  102  to  104.  The  second  contribution  is  associated  with  a  short-range 
mechanism,  which  is  very  localized  to  the  surface.  This  enhancement  arises 
from  a  modulation  of  the  large  oscillating  charge  density  in  the  molecular 
layer  at  surface  plasmon-polariton  resonance,  by  the  molecular  vibrations,  so 


as  to  produce  stokes  shifted  light  at  this  modulation  frequency.  Here  the 
surface  plasmon-polariton  is  the  intermediate  state  of  a  resonance  Raman 
process.  At  atomic  distances,  this  theory  predicts  a  total  combined  Raman 
enhancement  factor  of  between  104  and  106. 

Our  Raman  scattering  results  for  benzene  show  a  different  behavior 
than  observed  for  pyridine.  Namely,  we  do  not  observe  any  detectable  signal 
until  we  have  ~8  monolayer  equivalents  of  benzene  on  the  surface.  At  higher 
coverages  we  then  start  to  observe  a  Raman  spectra  with  similar  relative 
intensities  as  in  liquid  benzene.  The  multilayer  Raman  signal  is  enhanced  by  a 
factor  of  ~102  as  found  for  condensed  pyridine.  We  again  associated  this 
with  a  field  enhancement.  We  do  not  observe  any  enhancements  >10“  for 
chemisorbed  benzene,  a  point  we  discuss  later. 

V.  Discussion 

Our  Raman  results  show  a  strong  (~104)  short-range  enhancement  for 
certain  modes  of  chemisorbed  pyridine  which  is  ~  50  times  stronger  than  the 
expected  long-range  field  enhancement.  Our  discussion  here  focuses  on  the 
factors  which  we  can  relate  to  this  strong,  short-range  phenomena.  In  partic¬ 
ular  the  similarities  in  chemisorption  behavior  of  pyridine  on  Ag(  111)  and  on 
our  topologically  modified  Ag(lll)  surface  encourages  us  to  consider  a  direct 
comparison  of  the  chemisorption  results  on  these  two  surfaces.  Namely,  each 
adsorbate  shows  ionization  levels  and  coverage  dependent  features  in  UPS 
which  are  similar  on  both  surfaces,  while  pyridine  additionally  shows  the  onset 
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of  the  Raman  signal  where  the  structural  phase  transformation  of  pyridine 
occurs  on  the  ideal  Ag(lll)  surface.  Such  common  features  in  the  behavior 
of  these  adsorbates  on  the  two  surfaces  imply  that  (a)  large  regions  of 
Ag(lll)  surface  occur  on  the  "modulated"  surface  and  (b)  that  defects  do 
not  totally  disrupt  the  nature  of  adsorption  on  these  "modulated"  surfaces. 

We  find  no  evidence  to  conclude  that  defect  sites  on  our  modulated 
surface  or  the  terrace  edge  atoms  are  themselves  dominating  the  strong 
short-range  enhancement.  In  fact,  the  lack  of  this  enhancement  off  of  surface 
plasmon-polariton  resonance  or  on  similar  step  density  but  nonmodulated  Ag 
surfaces  [5]  strongly  argues  against  these  as  the  sole  source  of  the  enhance¬ 
ment.  Further,  Ag  ad-atom  sites  which  have  been  proposed  as  enhancement 
sites  in  other  studies  disappear  above  room  temperature  [6,7,10].  Our  anneal¬ 
ing  of  the  sample  well  above  room  temperature  would  likely  preclude  such 
ad-atom  sites  on  our  surface.  Indeed  our  observation  of  a  sudden  "turn"  on 
of  the  Raman  signal  at  higher  chemisorption  converges  is  contrary  to  the 
initially  large  signal  observed  on  surfaces  where  ad-atoms  are  thought  to  play 
a  role  [9],  We  thereby  believe  that  the  short  range  enhancement  we  observe 
(above  our  limits  of  sensitivity)  is  associated  with  the  more  general  nature  of 
our  modulated  surface. 

We  can  consider  a  correlation  of  the  adsorption  properties  of  pyridine 
on  the  flat  and  modulated  surface  based  on  the  "average"  microscopic  struc¬ 
ture  of  each.  Namely  from  our  LEED  results  on  the  topologically  modulated 
surface  we  expect  a  distribution  of  Ag(  111)  with  an  average  terrace  width  of 
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~20  A.  In  Fig.  8  we  illustrate  the  atomic  size  of  such  a  terrace  and  show  how 
pyridine  may  ir-bond  to  such  a  surface.  Even  considering  the  possibility  that 
the  pyridine  molecules  may  bond  differently  at  the  step  or  kink  sites  of  the 
terrace  (i.e.,  the  left  side  of  Fig.  8)  additional  space  remains  on  the  terrace  for 
adsorbed  pyridine  molecules  to  interact  with  a  (111)  surface  and  their  neigh¬ 
boring  molecules.  We  expect  to  observe  largely  the  same  coverage-dependent 
interactions  on  these  ( 1 1  l)-terraces  as  found  on  Ag(lll).  We  thereby 
associate  the  onset  of  the  Raman  signal  in  Fig.  7  with  the  inclination  of 
chemisorbed  pyridine  and  the  occurrence  of  nitrogen  lone-pair-bonding.  The 
molecules  located  at  the  step  or  kink  sites  of  the  surface  may  also  be  effected 
during  this  transition  as  we  observe  the  986  cm-1  peak  (see  Fig.  6a).  We 
also  find  that  adsorption  on  these  stepped  Ag  surfaces  is  reversible  -  unlike 
what  is  observed  on  the  more  reactive  stepped  transition  metal  surfaces  [36]. 

Another  important  feature  of  our  enhanced  Raman  scattering  for 
chemisorbed  pyridine  is  the  mode  selectivity.  Namely,  the  symmetric  ring 
breathing  mode  is  selectively  enhanced  while  for  liquid  or  thick  condensed 
layers  of  pyridine  the  symmetric  and  asymmetric  modes  are  of  comparable 
intensities.  Any  model  of  the  enhancement  mechanism  must  account  for  such 
mode  selectivity. 

For  chemisorbed  benzene,  the  lack  of  a  detectable  signal  can  be  attrib¬ 
uted  to  a  lower  enhancement  factor  which,  by  virtue  of  comparison  to  pyri¬ 
dine,  we  associate  with  the  flat  lying,  ir-bonded  molecule.  Namely,  we  might 
expect  to  see  chemisorbed  benzene  since  the  Raman  intensities  of  the  ~990 


cm-1  modes  of  liquid  benzene  and  pyridine  are  comparable.  However,  as 
found  for  pyridine,  the  enhancement  becomes  large  only  when  the  molecule 
becomes  inclined  to  the  surface. 

Several  origins  of  the  enhancement  mechanism  have  been  proposed  [37] 
and  we  briefly  comment  on  their  consistency  with  our  results.  One  can 
generally  consider  two  related  sources  for  the  short-range  enhancement:  an 
electronic  effect  (e.g..  a  localized  electronic  excitation  associated  with  chemi¬ 
sorption)  and  a  physical  effect  (e.g.,  the  orientation  of  the  electric  fields  and 
the  molecules  on  the  surface).  In  relation  to  the  former  process  we  note  that 
the  symmetric-ring  breathing  mode  is  precisely  the  mode  excited  in  resonant 
low  energy  electron  scattering  from  gaseous  pyridine  and  benzene  [31,38], 
Such  a  resonant  state  may  couple  to  surface  plasmon-polaritons  and  directly 
or  indirectly  provide  the  enhancement.  However,  this  type  of  resonant  state 
does  not  appear  to  be  a  sufficient  condition  for  the  enhancement  since  we  do 
not  observe  a  strong,  short-range  enhancement  for  chemisorbed  benzene  even 
though  we  do  observe  the  gas  phase  resonances  for  chemisorbed  benzene  in  EELS 
[39].  Further  frequency  dependent  studies  may  help  resolve  the  likelihood  of 
this  process. 

The  physical  orientation  of  the  molecule  in  the  surface  plasmon- 
polariton  induced  fields,  with  or  without  an  image  charge  component  [39], 
also  fails  to  account  for  our  results.  Namely,  a  field  enhancement  only 
accounts  for  at  most  3%  of  the  observed  signal  while  an  image  field  enhance- 
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ment  mechanism  would  predict  comparable  Raman  intensities  for  both  sym¬ 
metric  and  asymmetric  ring  breathing  modes.  As  previously  mentioned  a 
localized  enhancement  associated  with  bonding  to  ad-atoms  on  our  silver 
surface  would  seem  unlikely  in  view  of  our  relatively  severe  annealing  condi¬ 
tions.  However,  recent  studies  of  pyridine  on  continuous  and  island  Ag  films 
evaporated  at  low  temperature  [9,10]  also  show  preferential  enhancement  of 
the  symmetric  ring  breathing  mode. 

Our  experimental  results  appear  to  be  consistent  with  the  short-range 
surface  plasmon-polariton  enhancement  mechanism  proposed  by  Kirtley,  Jha 
and  Tsang  [18].  Their  enhancement  contains  both  electronic  and  structural 
features.  Namely,  (a)  certain  molecular  vibrations  couple  to  the  surface 
charge  according  to  the  nature  of  the  bonding  and  (b)  the  final  surface  charge 
modulation  can  only  occur  normal  to  the  surface  and  is  thereby  dependent  on 
the  orientation  of  the  molecule  on  the  surface.  Thus,  for  pyridine  we  can 
relate  the  mode  selectivity  to  the  fact  that  the  asymmetric  ring  breathing  mode 
does  not  strongly  modulate  the  surface  charge  density  whereas  the  symmetric 
mode  does.  Such  adsorbate-induced  surface  charge  modulation  at  the  surface 
likely  occurs  for  ir-bonded  species  as  well  but  may  be  weaker  or  negated  by 
the  binding  geometry  or  site  symmetry.  The  details  of  such  selection  rules  for 
surface  plasmon-polariton  enhanced  Raman  scattering  are  discussed  in  more 
detail  elsewhere  [41], 
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VI.  Summary  and  Conclusions 

We  have  used  high  resolution  electron  energy  loss  spectroscopy  to 
determine  the  vibrations  and  molecular  orientation  of  chemisorbed  pyridine 
and  benzene  on  Ag(lll).  Chemisorbed  benzene  is  ir-bonded  having  a  point 
group  symmetry  of  C3v(<xd).  Pyridine  also  n  bonds  but  undergoes  a  compres- 
sional  phase  transformation  to  form  a  more  weakly  bound,  inclined,  nitrogen- 
long-pair  bonded  phase  of  chemisorbed  pyridine.  We  can  relate  these  findings 
to  Raman  scattering  results  on  a  clean  Ag(l  1  l)-oriented  surface.  We  observe 
that  the  vibrations  observed  in  both  experiments  on  clean  Ag(lll)  are  very 
weakly  perturbed  from  those  of  the  free  molecule.  The  symmetric  ring 
breathing  mode  is  within  3  cm-1  of  its  liquid  phase  value  (RS  for  pyridine 
and  EELS  for  d5-pyridine).  We  also  observe  other  frequencies  for  this  mode 
in  Raman  which  can  be  attributed  to  bonding  at  step  sites  (lower  frequency) 
or  to  the  presence  of  surface  impurities  (higher  frequencies). 

We  find  a  strong  structure  dependence  of  our  enhanced  surface  Raman 
signal  for  chemisorbed  pyridine  on  clean  Ag(lll).  Namely,  we  observe  a 

1  i 

~10  enhancement  of  the  990  cm”  mode  when  chemisorbed  pyridine  be¬ 
comes  inclined  to  the  surface.  For  thicker  layers  of  benzene  or  pyridine  we 
observe  little  structural  dependence  and  a  factor  of  102  weaker,  longer-range 
field  enhancement  characteristic  of  randomized  molecular  orientations  within 
this  layer.  We  also  observe  a  strong  mode  selective  enhancement  for  chemi¬ 
sorbed  pyridine.  The  observed  enhancement  occurs  only  at  surface  plasmon- 
polariton  resonance  conditions  and  appears  to  be  well  described  within  a 
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surface  plasmon-polariton  model  [16].  Namely,  both  the  mode  selectivity  and 
distance  dependence  of  the  enhancement  we  observe  are  consistent  with  the 
modulated  surface  dipole  model  of  surface  enhanced  Raman  scattering.  Our 
results  imply  that  only  certain  molecular  vibrations  and  molecular  orientations 
of  a  chemisorbed  species  on  the  surface  will  provide  a  large  surface  plasmon- 
polariton  derived  enhancement. 
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FIGURE  CAPTIONS 


LEED  photograph  of  the  Ag(lll)  surface  (T  »  80K)  at  146  eV  on 
the  grating  (right)  and  off  the  grating  (left)  The  photo  on  the  right  of 
the  modulated  surface  has  been  overexposed  to  more  clearly  show  th- 
weaker  satellite  spots. 

Vibrational  loss  spectra  of  pyridine  on  Ag(lll)  at  two  coverages  above 
and  below  the  compressional  phase  transition.  The  IR  absorbances 
[24,25]  are  shown  below  for  comparison  where  the  *  levels  are  reduced 
by  1/3. 

Coverage  dependence  of  the  vibrational  spectra  of  chemisorbed  pyri¬ 
dine  (<  1.0L  exposure).  The  spectra  taken  at  a  2xl0-7  Torr  ambient 
pressure  corresponds  to  the  onset  of  condensation  and  the  formation  cf 
the  first  physisorbed  layers. 

Vibrational  loss  spectra  of  deuterated  pyridine  on  Ag(  111)  at  coverages 
above  and  below  the  compressional  phase  transformation.  The  IR 
absorbances  [24,  25]  are  shown  below  for  comparison  where  the  * 
levels  are  reduced  by  1/3.  The  insert  besides  each  spectra  schematical¬ 
ly  represents  the  geometry  characteristic  of  each  phase  (see  text). 

Vibrational  loss  spectra  for  benzene  on  Ag(lll)  and  the  corresponding 
IR  absorbances  [24].  Note  that  the  peak  at  1038  cm-1  is  the  ?14,  eiu 
mode  which  does  not  correspond  to  the  1000  cm-1  loss  feature.  The 


1000  cm-1  IR  peak  is  very  weak  and  is  not  observable  on  this  scale. 

Raman  scattering  signal  as  a  function  of  increasing  coverage  for  two 
conditions:  (a)  the  nominally  clean  topologically  modulated  Ag(lll) 
surface,  and  (b)  with  increased  carbon  contamination  (see  text). 

Raman  scattering  intensity  for  the  990  cm-1  peak  as  a  function  of 

coverage  (in  monolayer  equivalents  -  see  text).  The  insert  shows  the 

0 

detailed  low  coverage  behavior.  (\  =*  5 145 A) 

Schematic  model  of  the  topologically  modulated,  stepped  Ag(lll) 
<• 

surface  used  in  the  Raman  experiments.  An  average  terrace  width  of 
20  A  is  determined  from  the  LEED  results  (Fig.  1).  The  adsorbed 
pyridine  molecules  are  shown  to  scale,  bound  to  some  arbitrary  but 
largely  constant  local  bonding  sites. 
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